The DENND1A gene is one of the most important sites associated with polycystic ovary syndrome (PCOS). We attempted to analyze the correlation between five single nucleotide polymorphisms (SNPs) in the DENND1A gene and the development of PCOS.
Background
Polycystic ovary syndrome (PCOS) is a highly complex gynecological endocrine disease affecting up to 10% of women of reproductive age [1] . It is the most common endocrine disorder in the gynecological and endocrinological clinic in China, where 50% of patients suffer from PCOS [2, 3] . The clinical manifestations of PCOS can affect many organs, including the hypothalamus, pituitary, ovary, adrenal gland, and pancreas, leading to a higher degree of genetic heterogeneity. The loose ovulation and endocrine disorder are the main reasons for female infertility, which severely compromises women's physical and mental health. Furthermore, PCOS may be accompanied by an increased risk of diabetes mellitus, glucose intolerance, hypertension, atherogenic dyslipidemia, non-alcoholic fatty liver disease, systemic inflammation and coagulation disorders. The etiology of PCOS has not been clearly defined. It is believed that genetic factors may play important roles in its pathogenesis, and at least 70 candidate responsible genes have been identified [4] . A milestone event for the first attempt of a genome-wide association study (GWAS) on PCOS focused on chromosomes 2p16.3, 2p21 and 9q33.3 in Han Chinese women. The corresponding gene loci were LHCGR (luteinizing hormone/choriogonadotropin receptor), THADA (thyroid associated protein) and DENN-DIA (DENN/MADD domain-containing 1A) [5] .
Two years later, another GWAS project suggested eight new candidate risk loci for the development of PCOS in the Chinese population. These loci, including follicle stimulating hormone receptor (FSHR), C9orf3, YAP1, RAB5B, HMGA2, TOX3, insulin receptor (INSR), and SUMO1P1 [6] , are found to be associated with PCOS etiology by being involved in the synthesis of reproductive hormones, functional regulation of gonadotropin and insulin resistance [7] . Another large GWAS was recently published focusing on European subjects [8] . The strongest associations in Europeans are found to be in DENND1A and THADA loci, and additional associations have also been revealed at loci containing LHCGR, RAB5/SUOX, FSHR and YAP1 [9] . These studies prompted us to search for more loci that might account for the origin and pathophysiology of PCOS. Various genetic polymorphisms have been described for PCOS [10] , and the association of single nucleotide polymorphisms (SNPs) with the occurrence and development of PCOS has been confirmed. Three SNPs (rs13405728 in LHCGR gene; rs13429458 in THADA gene and rs2479106 in DENND1A gene) have been identified to be genetic variants of PCOS by GWAS in Han Chinese populations [11, 12] .
Among those SNP loci that may have an impact on PCOS, the DENND1A gene, one of the DENND family members, has attracted substantial attention. DENND1A is one of the causal factors expressed in the theca follicle [13] . DENND1A SNPs are associated with metabolic disturbances and endocrine disorders [14] . They also have a profound impact on the establishment of hyperandrogenic PCOS phenotypes [15] . DENND1A, which encodes the protein connecdenn 1, consists of 22 exons and extends over 500,000 bases. DENND1A does not facilitate endocytosis and receptor-mediated turnover. Connecdenn 1, one of the proteins encoded by the DENND1A gene, facilitates these functions in the lipid bilayer. It has a clathrin-binding domain that is localized in the N-terminus of the protein and is associated with the metabolism of phosphoinsitol-3-phosphates and other lipids [16] . DENND1A is important in facilitating endocytosis and receptor-mediated turnover [17, 18] . DENN domain proteins form a new class of membrane transporters which regulate Rab GTPases [16] . On the other hand, DENND1A-encoded domain binds ERAP1 (endoplasmic reticulum amino acid peptidase 1) as a negative regulator. ERAP1 expression is elevated in the serum of obese PCOS patients [19] . We speculated that DENND1A might affect the pathogenesis of PCOS through dysregulation of ERAP1 in those PCOS patients with a risk allele of DENND1A.
The DENND1A gene is associated with PCOS in both Han Chinese and European women, although the associations are focused on different SNPs [20] [21] [22] . Some SNPs in the DENND1A gene, including rs10818854, rs2479106 and rs10986105, are reported as susceptible loci [12, 14] . Among the many polymorphisms of DENND1A genes, rs2479106 and rs10818854 polymorphisms have received much attention. Several studies have previously suggested that the rs2479106 and rs10818854 polymorphisms are associated with an increased risk of PCOS [23, 24] .
In addition to the rs2479106 and rs10818854 polymorphisms, other SNPs related to the physical signs and disease characteristics of PCOS might also exist. In this study, The LD pattern of the DENND1A gene including almost all the SNPs is presented in a full picture based on the Hap Map Phase III Han Phase database in NCBI by Hap lo View software version 4.2. Based on the LD pattern, we attempted to select a few SNPs (with linkage and representation) to determine whether polymorphisms of the DENND1A gene were related to PCOS, both at the individual SNP and haplotype levels, in the Han Chinese population. As most studies suggest that the polymorphism site rs2479106 in the DENND1A gene is related to PCOS susceptibility, we chose the other four SNPs which have a strong relation with rs2479106. Finally, five tagging SNPs including rs2479106, rs2768819, rs2670139, rs2536951 and rs2479102 were selected as the representative loci for investigating the association between the tag SNPs of DENND1A and the risk of PCOS in Chinese Han women. The women in the control group came to visit the clinic for other reasons (such as tubal factor infertility or their husbands' infertility). Some of them had given birth to one child or more. Their menstrual cycles were normal (< 32 days) and exclusion criteria were hirsutism, insulin resistance, other property of hyperandrogenism and obesity.
Methods

Subjects
The study was approved by the Medical School of Nanjing University. The patients and the control women provided informed consent and volunteered to participate in the study.
Clinical and biochemical determination
First, clinical variables were recorded, including height and body weight. Body mass index (BMI) was calculated as weight (kg) divided by height (m). Second, we collected the peripheral blood samples between 8 am and 9 am after a 12-h overnight fast. For those women in the menstrual cycle, blood samples were collected from the 3rd day to the 5th day. For those women who had amenorrhea, blood samples were collected at a random day. A series of biochemical measurements were carried out to obtain the hormone levels, including luteinizing hormone (LH), total testosterone (T), follicle-stimulating hormone (FSH) and estradiol (E2) using radioimmunoassay (Beijing North Institute of Biological Technology, China).
Characterization of linkage disequilibrium (LD) and selection of tag SNPs
The DENND1A gene is located on chromosome 9q33.3. The SNPs genotyped were tagging SNPs in the DENND1A gene based on the HapMap database (www. hapmap.org, HapMap database release no. R2/phase III, population: CHB) for the Chinese Han population (Additional file 1: Figure S1 -1, S1-2). The site rs2479106 and the other four SNPs were selected with strong linkage in Block 12. The pair-wise correlations between rs2479106 and these SNPs were the same (measured as D' = 95%). Finally, the five tagging SNPs, rs2479106, rs2768819, rs2670139, rs2536951 and rs2479102, were selected for the following association study. (Fig. 1 ).
Genotyping for polymorphisms
Genomic DNA was extracted from blood samples with an SBS UltraPure™Genome DNA kit (SBS Genentech, Shanghai, China) and examined by a Thermo Scientific Nano Drop™ 2000 spectrophotometer (Thermo Electron, Massachusetts, USA). Genomic DNA was stored at 20 ng/μl in ultrapure water and at − 80°C until further genotyping analysis for polymorphisms by the TaqMan SNP genotyping assay. PCR amplification was conducted in a total volume of 10 μl composed of 5 μl 2X TaqMan Master Mix, 0.5 μl 20X Assay Working Stock, 1 μl sample Genomic DNA (20 ng per well), and 3.5 μl nuclease-free water by the One Step One Plus RT-PCR System (Applied Biosystems). PCR was carried out as follows: 95°C Ampli Taq Gold UP Enzyme Activation for 10 min, followed by 40 cycles consisting of 95°C denaturation for 15 s and 60°C annealing/extension for 1 min, ending with a single extension of 15 min at 60°C.
Statistical analysis SPSS 17.0 was used for statistical analyses. P < 0.05 was considered statistically significant. The age, AAM, BMI and serum hormone level data were presented as the means ± SD. The differences in hormone levels of different genotypes in the two groups were detected by oneway analysis of variance (ANOVA). The genotype data were calculated with the expectation-maximization (EM) algorithm, presented in Haplo View version 4.2, and analyzed by the SHEsis online software (http://analysis.bio-x. cn/myAnalysis.php). Next, it was measured with the pairwise LD analysis. The alleles of the five SNPs were analyzed using TaqMan Genotype Software. The χ 2 test of the 2 × 3 tables was used to compare the genotypic distributions and Hardy-Weinberg distribution of genotypes between patients and controls. The differences among the three genotypes were presented by the Turkey test.
Results
Characterization of the clinical features of PCOS and the controls
Characterization of the clinical and biochemical features of the PCOS patients (n = 346) and control women (n = 225) are listed in Table 1 . PCOS patients were diagnosed under the Rotterdam Criteria. Significant differences in BMI, E2, LH and LH/FSH ratios were revealed between the two groups. Compared with the controls, PCOS patients were characterized by higher BMI, E2, LH and LH/FSH ratios.
The LD structure and haplotype-based association analyses
Based on the Hap Map Phase III database (release no. R 2 / phase III, population: CHB), five SNPs were identified in the promoter of the DENND1A gene (MAF > 0.05). Five tag SNPs were revealed by Haplo View, through LD analysis and gene frequency analysis according to NCBI (Fig. 2a ). The pairwise correlation of two SNPs was indicated as the value in the diamond (measured as D'). The Hap lo View of LD pattern from the data of our research were presented in Fig. 2b (measured as D') and Fig. 2c (measured as R 2 ). On the one hand, these data showed that the 5 SNPs had linkage correlation within each other. On the other hand, these SNPs also have their distinct functions.
LD structures with the genotype data for SNPs were reexamined to obtain haplotype-based association analyses. There was a significant difference of haplotype frequencies in the CCGGG haplotype between the patients and the controls (P = 0.0386, OR = 1.891, 95% CI = 1.027-3.481) ( Table 2 ). The CCGGG haplotype might enhance susceptibility to PCOS. 
Allele distribution and SNP genotype analysis
Distributions of allelic and genotypic frequencies of five SNPs (rs2479106, rs2768819, rs2670139, rs2536951 and rs2479102) are listed in Tables 3 and 4 . The distributions of the rs2479106 genotype were 0.3380 for AG, 0.6130 for AA, and 0.0490 for GG. The data of the rs2768819 genotype were 0.3488 for AG, 0.6192 for AA and 0.3198 for GG. The distributions of the rs2670139 genotype were 0.2826 for CT, 0.0917 for CC and 0.6257 for TT. Analyses of rs2536951 resulted in 0.2962 for AG, 0.6044 for AA and 0.0994 for GG. For rs2479102, data analysis pointed to 0.2882 for CT, 0.0961 for CC and 0.6157 for TT. The genotypic distribution did not reveal significant differences for rs2768819, rs2479106 or rs2670139 between PCOS and healthy women (P = 0.842, 0.277 and 0.465, for rs2768819, rs2479106 and rs2670139, respectively). No significant differences were found regarding allelic distribution between the two groups (P = 0.985, 0.37 and 0.23 for rs2768819, rs2479106 and rs2670139, respectively). Interestingly, significant differences in the genotypic distribution for rs2536951 and rs2479102 between the patients and controls were identified (P < 0.001), and similar differences were also found in allelic distribution (P < 0.001, Table 3 ). The distributions of genotypes were in agreement with Hardy-Weinberg equilibrium.
Clinical and metabolic characteristics among the different genotypes
Clinical and metabolic characteristics among the different genotypes (AA, AG and GG) of the five SNPs (rs2479106, rs2768819, rs2670139, rs2536951 and rs2479102) in patients and the controls are listed in Table 4 . For rs2479106, serum LH levels and the ratios of LH/FSH were significantly different among AA, AG, and GG genotypes in the controls (P = 0.013 and P = 0.007), while there was no difference in the patients (Fig. 3a, b ). LH concentrations and LH/FSH ratios of rs2468819 significantly differed among AA, AG, and GG genotypes in the patients (P = 0.013 and 0.002, respectively) ( Fig. 3c, d) . However, no impact on controls was found. The LH/FSH ratios of rs2536951 demonstrated a significant difference among AA, AG, and GG genotypes in the controls (P = 0.026), but there was no difference in PCOS patients. No significant differences were found among AA, AG, and GG genotypes of rs2670139 and rs2479102, in either PCOS patients or controls. There were no significant differences in BMI or levels of any other serum hormones, such as testosterone, prolactin, E2/T, LH, FSH, LH/FSH and estradiol, in the other two genotypes in PCOS patients and controls (Table 4 ).
Discussion
In this study, we provided data suggesting that the promoter polymorphism of the DENND1A gene could impact the incidence of PCOS, which is consistent with recent reports showing that the rs2479106 G allele is significantly associated with decreased sensitivity to PCOS [25] [26] . A GWAS analysis also resulted in a similar finding [5] . In PCOS women, LH, FSH, LH/FSH ratio and TSH were significantly increased compared with the control group [27] . Subsequent quantitative trait analysis revealed that there was an association between the rs2768819 GG genotype and increased levels of LH as well as a higher LH/FSH ratio in PCOS patents. For the control subjects, higher LH levels and increased LH/FSH ratios were observed in those with the rs2479106 AG genotype. However, additional samples are required to confirm the association at the other haplotype loci.
Evidence of familial aggregation and geographical impact on the clinical traits suggested that the pathogenesis of PCOS involves a variety of genetic and environmental factors. A conditional logistic regression analysis showed that both rs10818854 and rs2479106 are associated PCOS [5] . Another GWAS study demonstrated that the SNP site rs346803513 in DENND1A is correlated with the disease pathogenesis of PCOS [28] . However, for Chinese women belonging to the Hui ethnic group, rs13405728 is found to be associated with PCOS. In contrast, no statistically significant correlation with PCOS is found for rs13429458 and rs2479106 in this ethnic group [29] . Two of the five SNPs (rs10986105 and rs10818854) on 9q33.3 are suggested to be associated with PCOS in the Chinese population [5] . Although the risk variant of rs2479106 has been successfully replicated in at least some of the Chinese populations, it is not found to be associated with PCOS in European cohorts [20] . Examination of the PCOS patients in this study indicates that the variant might be related to hyperandrogenism or irregular menses [20] . In European patients, one mistyped SNP (rs189947178, A/C) that may alter the structural conformation of the DENND1A protein is more prevalent in PCOS patients with moderate hirsutism [26] . Among the Caucasians, the rs2479106 G allele is associated with a decreased susceptibility to PCOS [21] . In the Bahraini Arabic population, the DENND1A SNPs including rs2479106, rs10986105 and rs10818854 are associated with PCOS [23] . It has been previously suggested that the association of rs10818854 and rs10986105 polymorphisms with PCOS is dependent on the ethnic origin of the population [12] . A meta-analysis showed that the DENND1A SNPs are associated with the pathogenesis of PCOS [30] . Again, a strong ethnic influence has been suggested, as rs2479106, rs10818854, and rs10986105 are associated with PCOS only in Asian populations, whereas rs10818854 and rs10986105 are correlated with PCOS in Caucasians. No correlation has been established between rs2479106 and PCOS. This study focused on the five SNPs associated with the DENND1A gene among subjects in Eastern China in a large sample study; the results were persuasive and credible, thus filling the gap on the research of this area. The correlation between the DENND1A gene-related SNPs and PCOS incidence is subject to the ethnicity of the population and environmental modulation; whether our findings can be applied to populations other than Chinese or even Chinese in other geographic areas remains uncertain.
In this study, significant differences in LH levels and LH/FSH ratios of PCOS patients and controls were revealed based on the rs2479106 and rs2768819 polymorphisms (P < 0.05). DENND1A, which plays an important role in the expression and metabolism of hormones,, is associated with PCOS through the regulation of hyperandrogenemia [31] . On the other hand, the variation of DENND1A may affect the exocytosis of gonadotropins. DENND1A is also associated with androgen secretion and expression. The DENND1A.V2 protein is increased in theca cells of PCOS patients [13] . Higher levels of DENND1A.V2 in theca cells can promote CYP17A1 and CYP11A1 gene transcription and androgen synthesis, leading to hyperandrogenemia of PCOS [13] . In several studies, the association between PCOS and SNPs of DENND1A gene has been demonstrated and replicated. Taken together, these data strongly support a contributory role of DENND1A in the development of PCOS. Furthermore, it can be speculated that the DENND1A gene has an impact on the increase of androgen and the release of gonadotropin in PCOS patients.
Conclusions
Our data provide further support for the established relationship between DENND1A polymorphisms and the pathogenesis of PCOS in a Chinese Han population from Eastern China. The tagging SNPs rs2479106 and rs2468819 in the DENND1A gene are associated with PCOS, whereas rs2670139, rs2536951 and rs2479102 are not correlated with PCOS in the same population. The sample size used in this study is not large enough, and may lead to limited power of the association test. We will continue collecting more samples and expect to have a larger sample size in future studies. Further research is required to fully reveal the mechanisms by which the tag SNPs in DENND1A may exert pathophysiological regulation in promoting or suppressing PCOS development. These observations and further clarifications may have both diagnostic and therapeutic implications for this disorder.
